Future conventional and renewable energy sources
The generation mix (e.g., coal, natural gas, nuclear, hydro plants) of existing power systems will change in the future to mainly natural-gas fired plants, distributed renewable generation facilities (E. F. Fuchs & H. A. Fuchs, 2007) and storage plants. The ability to transition from the interconnected system to an islanding mode of operation must also be possible (E. F. Fuchs & F. S. Fuchs, 2008) to increase reliability. This means that any islanding system must have a frequency-leading plant ("frequency leader") in addition to renewable plants and storage plants. Renewable and storage plants cannot be frequency leaders because of their intermittent and limited output powers, respectively.
Review of current methods and issues of present-day frequency and voltage control
Present-day frequency/load and voltage control of interconnected systems takes place at the transmission level and is based on load-sharing and demand-side management. Load sharing relies on drooping characteristics (Wood, Wollenberg, 1984) (Fig. 2 and Figs. 4a, b, c) where natural gas, coal, nuclear and hydro plants or those with spinning reserves supply the additional load demand. If this additional load cannot be served by the interconnected plants, demand-side management (load shedding) will set in and some of the less important loads will be disconnected. This method of frequency/load control cannot be employed if renewable sources are operating at peak power in order to displace as much fuel as possible; it functions only as long as renewable energy represents a small fraction of overall generation capacity. As this fraction increases at either the distribution or transmission levels, frequency control problems will result. In today's interconnected systems, a frequency variation between f min =59 Hz and f max = 61 Hz, that is, Δf = ± 1.67% is acceptable (Fuller et al., 1989) . Voltage control is performed based on capacitor-bank switching, synchronous condensors and over/underexcitation of synchronous generators in power plants.
Isochronous control or frequency/load control of an isolated power plant with one generator only
Example #1: Fig. 3a illustrates the block diagram of governor, prime mover (steam turbine) and rotating mass (characterized by the momentum M=ω o J) and load of a turbo generator set [Wood & Wollenberg, 1984] . In Fig. 3a the parameters are as follows: Angular frequency change Δω per change in generator output power ΔP, that is R=Δω/ΔP=0.01 pu, the frequency-dependent load change ΔP L_freq per angular frequency change Δω, that is D=ΔP L_frequ /Δω=0.8 pu, step-load change ΔP L (s)=ΔP L /s=0.2/s pu, angular momentum of steam turbine and generator set M=4.5, base apparent power S base =500 MVA, governor time constant T G =0.01 s, valve changing/charging time constant T CH =1.0 s, and load reference set point load(s)=1.0 pu. a. Derive for Fig. 3a Δω steady state by applying the final value theorem. You may assume load reference set point load(s) = 1.0 pu, and ΔP L (s)=ΔP L /s=0.2/s pu. For the nominal frequency f*=60 Hz calculate the frequency f new after the load change has taken place. b. List the ordinary differential equations and the algebraic equations of the block diagram of Fig. 3a . c. Use either Mathematica or Matlab to establish steady-state conditions by imposing a step function for load reference set point load(s) =1/s pu and run the program with a zero-step load change ΔP L =0 (for 25 s) in order to establish the equilibrium condition without load step. After 25 s impose a positive step-load change of ΔP L (s)=ΔP L /s=0.2/s pu to find the transient response of Δω(t) for a total of 50 s, and at 50 s impose a negative step-load change of ΔP L (s)=ΔP L /s= -0.2/s pu to find the transient response of Δω(t) for a total of 75 s.
The solution to this example is given in Application Example 12.7 of (E.F. Fuchs & Masoum, 2011) and illustrated in Fig. 3b .
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Energy Storage in the Emerging Era of Smart Grids 352 Fig. 3b . Angular frequency change Δω(t) for a positive load-step at time t=25 s and a negative load step at time t=50 s 2.2 Load/frequency control with droop characteristics of an interconnected power system broken into two areas each having one generator Example #2: Fig. 4a shows the block diagram of two generators interconnected by a transmission tie line (Wood & Wollenberg, 1984 
Intermittently operating renewable plants
Portfolio standards will drive significant increases in renewable energy resources. Photovoltaic (PV) is expected to increase dramatically, with power penetration levels of 10-50% occurring in local areas within the next decade (Defree, 2009) . Regions with large PV plants and relatively soft grids, such as the 8 MW SunEdison plant in Colorado's San Luis valley (on Xcel's Energy's grid) have experienced power quality issues primarily related to current harmonics at low PV output levels. Such PV systems can also experience rapidly fluctuating outputs. Fig. 5 (National Renewable Energy Laboratory [NREL], 2009) illustrates solar radiation levels on a horizontal plate during one recent 24-hour period. As can be seen from this time series (1-minute sampling rate) data, rapid transients occur within minutes. For the date shown, 67 transients occurred where radiation levels changed by more than 30% of the peak radiation level within one minute. These radiation transients directly affect PV output and place additional demands on spinning reserves. Control of renewable sources occurs at the distribution level and communication between transmission and distribution levels becomes important. A new frequency-control algorithm must therefore be designed to replace some of the large conventional plants (e.g., coal, nuclear, natural gas) by a great number of much smaller renewable and storage plants. While PV revenue growth slowed slightly in the last year, Gartner Group projects that PV implementation, measured on a power basis, will grow to 23.4 GW by 2013 (Defree, 2009) The PV system of Fig. 7a installed and put on line in September 2007 generated during a recent 14-month period the data of Table 1 indicating the cumulative net meter reading E net meter , the total generated AC energy E generated , the AC energy supplied to the utility Xcel E supplied Xcel , the AC energy consumed by the residence E residence , and the CO 2 emissions avoided. The connection cost charged by the utility C connection is $8.55 per month. Fig. 7b illustrates the circuit components required for net metering. Fuchs & Masoum, 2011) . Example #3: Design of a P AC =5.61 kW PV power plant for a residence A PV power plant consists of solar array, peak (maximum)-power tracker (Masoum et al., 2002; Masoum et al., 2004a) , a step-up/step-down DC-to-DC converter, a deep-cycle battery for part f) only, a single-phase inverter, single-phase transformer, and residence which requires a maximum inverter AC output power of max inv P =5.61 kW as shown in Fig. 8 . Note the maximum inverter output AC power has been specified because the entire power must pass through the inverter for all operating modes as explained below. In addition, inverters cannot be overloaded even for a short time due to the low heat capacity of the semiconductor switches. The modulation index of inverter is m=0.5 in order to guarantee a sinusoidal output current of the inverter neglecting pulse-width-modulated (PWM) switching harmonics. Three operating modes will be investigated: In part f) the operating mode #1 is a stand-alone configuration (700 kWh are consumed per month). In part g) the operating mode #2 is a configuration where the entire energy (700 kWh) is consumed by the residence and the utility system is used as storage device only. In part h) the operating mode #3 is a configuration where 300 kWh are consumed by the residence and 400 kWh are sold to the utility. a. The power efficiencies of the maximum power tracker, the step-up/step-down DC-to-DC converter, the battery, and the inverter are 97 % each, while that of the transformer is about 1.00. What maximum power solar array max P must be generated by the solar array, provided during daytime E month_day =300 kWh will be delivered via the inverter to the www.intechopen.com
Complementary Control of Intermittently Operating Renewable Sources with Short-and Long-Term Storage Plants 357 residence (without storing this energy in battery), and sufficient energy will be stored in the battery so that the battery energy of E month_night =400 kWh can be delivered during nighttime by the battery via the inverter to the residence: that is, a total of E month = E month_day + E month_night =700 kWh can be delivered to the residence during one month? b. For a commercially available solar panel the V-I characteristic of Fig =5.61 kW? e. How much would be the purchase price of this solar power plant, if 1 kW installed output capacity of the inverter (this includes the purchase and installation costs of solar cells + peak-power tracker + DC-to-DC converter + inverter) costs $3,000 (after utility rebates and state/federal government tax-related subsidies)? Without tax rebates and subsidies the buyer would have to pay about $5,000 per 1 kW installed output power capacity. f. Operating mode #1: What is the payback period (in years, without taking into account interest payments) of this solar plant if the residence uses 700 kWh per month at an avoided cost of $0.20/kWh (includes service fees and tax)? One may assume that this solar plant can generate every month 700 kWh and there is no need to buy electricity from the utility: 300 kWh per month will be used in the residence during daytime and during nighttime 400 kWh per month will be supplied via inverter from the battery to the residence. However, there is a need for the use of a 30 kWh deep-cycle battery as a storage element so that electricity will be available during hours after sunset. This battery must be replaced every four years at a cost of $3,000. One may assume that this solar plant can generate 700 kWh per month and feeds 400 kWh into the power system of the utility company, which reimburses the plant owner $0.20 per kWh (so-called "net metering"), in which case there is no need for a battery as a storage element because electricity can be supplied by the utility after sunset: 400 kWh at $0.20 per kWh. There is a connection charge of $8.55 per month. h. Operating mode #3: What is the payback period (in years, without taking into account interest payments) of this solar plant if the residence uses 300 kWh per month at an avoided cost of $0.20 per kWh? One may assume that this solar plant can generate every month 700 kWh of which every month the solar plant feeds 400 kWh into the power system of the utility company which reimburses the plant owner $0.06 per kWh.
There is a connection charge of $8.55 per month. i. Which power plant configuration (f, g or h) is more cost effective (e.g., has the shortest payback period)? j.
What is the total surface of the solar panels provided the efficiency of solar cells is 15% at Q s =0.8 kW/m 2 ? k. Instead of obtaining tax rebates and state/federal government subsidies the owner of a PV power plant obtains a higher price (feed-in tariff) for the electricity delivered to the utility: provided 700 kWh are fed into the utility grid at a reimbursement cost of $0.75/kWh and the utility supplies 300 kWh to the residence at a cost of $0. 
whereby the first term is the power consumed by the residence during daytime, and the second term corresponds to the energy stored in the battery during daytime and consumed by the residence during nighttime (delivered by battery). e. Purchase cost of solar power plant (modified version, without battery) cost=($3000/kW) · 6.02kW =$18,058. k. The income is (700kWh $0.75 / kWh) 12(years) $6300(years) ⋅⋅ = or payback period based on income=expenses is $6,300(years)=$30,000+$300 ·12 · 0.2 (years)+$8.55·12 (years) or (years) k =5.48. l. Same as k) but with interest payments results in the cost-benefit relation (6,300-720-102.6)· (years)=30,000(1.0485) (years) . No payback period exists.
Components of short-term and long-term storage and renewable energy plants
Electric storage components can store electricity in DC form only. For this reason AC-to-DC converters (rectifiers), DC-to-AC converters (inverters), and DC-to-DC converters (stepdown and step-up) must be relied on. All types of converters are discussed in (E.F. Fuchs & Masoum, 2011) .
The role and design of short-term and long-term storage plants
Short-term storage devices such as batteries, fuel cells, supercapacitors and flywheels can be put online within a few 60 Hz cycles, but cannot provide energy for more than about 10 minutes; flow batteries and variable-speed hydro plants, however, can change their load within a few 60 Hz cycles and are able to deliver power for days. Long-term storage plants such as constant-speed (pump)-hydro storage and compressed air plants require a start-up time of about 6-10 minutes, but can operate for several hours or even days. Two short-term storage plants will be analyzed in a later section.
Pulse-width-modulated (PWM) rectifier
Rectifiers (i.e., Fig. 10 ) are an integral part for the conversion of AC to DC of most intermittently operating renewable sources such as PV plants, WP plants and storage plants. Fig. 10 shows one type of rectifier which is used within a three-phase power system. This rectifier is analyzed with PSpice where the input and output voltage relations can be determined as a function of the duty cycle (E.F. Fuchs & Masoum, 2011) . Table 3 . Dependency of the input voltage V AN max of a three-phase rectifier for given output voltages and currents, V DC load , and I DC load , respectively, at given duty cycles of the selfcommutated switch (insulated gate bipolar transistor, IGBT).
(a)
Figs. 11a,b. Rectifier input AC voltages and output DC current: (a) For a duty cycle of =50%; (b) For a duty cycle of =5% (see Table 3 )
Current-controlled, PWM voltage-source inverter
Similar to rectifiers, inverters (see for example Figs. 12a, b) must be employed for some of the renewable energy sources and for storage plants to convert DC to AC. Table 4 lists the PSpice program on which the results of Table 5 are based. This latter table illustrates the dependency of the input DC voltage V DC of inverter as a function of the output power factor angle Φ, that is, the angle between phase current of inverter I rms ph and line-to-neutral voltage V rms l-n of power system as well as the modulation index m (E.F. Fuchs & Masoum, 2008a) . Figs. 13a, b illustrate some of the results of Table 5 . According to (IEEE Standard 519, 1992 ; IEC 61000-3-2, 2001-10; E.F. Fuchs & Masoum, 2008a ) a total harmonic distortion of the inverter output current I THDi of about 3% --ignoring the switching ripple which can be mitigated by an output filter as indicated in Fig. 12a --is acceptable. By decreasing the modulation index m, say m=0.5, which requires an increased V DC , and by increasing the wave shaping inductance L w an almost ideal sinusoid for the output current can be achieved and reactive power can be supplied to the power system.
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Figs. 13a,b. Inverter phase reference current, inverter phase output current, and power system phase voltage (about the same as inverter output voltage), see Fig.12a and (Yildirim et al., 1998; E.F. Fuchs & Myat, 2010) are proposed for short-and long-term storage plants in order to eliminate mechanical gears.
Smartgrid and microgrids
Simultaneously, the implementation of smart/microgrids is accelerating. A key goal of SmartGrid City (Boulder, Colorado) and similar projects is to enable integration of significantly higher penetrations of renewable resources, both in concentrated utility-scale plants and dispersed residential-scale units. (Cowdrey, 2004) ; these plants can operate intermittently depending upon the municipal treated water needs. Xcel also operates several pumpedstorage (hydroelectric) plants, which can be relied upon for long-term storage. As a comparison Xcel's total installed power capacity in Colorado is 7 GW. The smartgrid vision is the development of a smart (e.g., self-learning, self-healing, optimized, efficient, high power quality) power system, relying on existing proven distribution system technologies, adding new control and energy source/storage paradigms, and discarding approaches which interfere with intelligent control strategies, distributed generation and renewable resources. The smartgrid as envisioned by utilities must satisfy steady-state and transient operating conditions, avoiding the weak system effects (e.g., flicker, high-system impedance, voltage breakdown) encountered by the Danish grid, which has high WP plant penetration. The rationale for the smart/microgrid lies in the integrative analysis of distributed energy sources--many of which will be intermittently operating--with the deployment of shortterm and long-term storage plants. However, current load-sharing strategies will not work to integrate renewable sources and present-day storage plants because of the intermittent (peak-power) operation of renewable sources, and the online response time of different storage plants (E.F. Fuchs & Masoum, 2008a; E.F. Fuchs & Masoum, 2011) . In addition, Fig.  4b illustrates that load-sharing utilizing standard droop strategies between two similarlysized (e.g., PV) plants results in unstable frequency control due to similar response characteristics.
Design of short-term storage plants
Example # 4: Design a 10 MWh supercapacitor short-term storage plant Relying solely on wind/solar energy is problematic because it may not be available when needed. A wind farm, for example, can lose as much as 60 MW within one minute. There are several scenarios of how the power change of 60 MW per minute can be mitigated through complementary, albeit more expensive, power sources. One is the combination of a (longterm) compressed-air storage (CAES) power plant with a (short-term) supercapacitor plant for bridging the time from when the WP plant output decreases (60 MW per minute) to when either a CAES plant (Mattick et al., 1975 and Vosburgh, 1978) or a pump-storage hydro plant (Glems, 1964; Raccoon Mountain, 1975; Cowdrey, 2004) can take over. A CAES plant requires a start-up time of about 6 minutes. To bridge this 6-minute gap for a 100 MW compressed-air power plant, a supercapacitor plant can provide up to 100 MW during a 6-minute interval amounting to a required energy storage of 10 MWh. Inverters fed from a supercapacitor can deliver power within a few 60 Hz cycles to the power system, replacing the lost power of 60 MW per minute almost instantaneously. This combination of CAES plant and supercapacitor storage plant as a bridging energy source can be employed for peak-power operation as well as for improving power quality by preventing brownouts/blackouts. Fig. 14 depicts the block diagram of such a supercapacitor storage plant consisting of wind turbine, mechanical gear, synchronous generator, 3-phase transformer, 3-phase rectifier, supercapacitor bank, threephase inverter, 3-phase transformer, and power system as discussed in Application Example 12.23 of (E.F. Fuchs & Masoum, 2011) . 
Complementary operation of renewable plants with short-term and longterm storage plants analyzed with either Mathematica or Matlab
The stability of a smart/microgrid consisting of a natural gas-fired power plant (the frequency leader), a long-term storage power plant, and two intermittently operating plants (i.e., PV and WP plants) with associated short-term storage plants is the objective of this section. In order to achieve stability for a given smart/micro-grid the following constraints must be satisfied: 1. instability and frequency variation is minimized through appropriate switching (in and out) of the short-term storage plants; in particular the time instant of switching is important. 2. transmission line (e.g., tie lines) parameters are optimized; 3. time constants of the governors and the valves must be within a feasible region; 4. droop characteristics of the individual plants must satisfy certain constraints. Example 6: Operation of natural-gas fired and long-term storage plants with two renewable sources and two associated complementary short-term storage plants Fig. 16 illustrates the sharing (increase) of the additional power among a short-term storage plant (e.g., R 2 =0.01), a long-term-storage plant (e.g., R 3 =10), and a PV plant (e.g., R 1 =10) causing a frequency decrease. Stable frequency control is obtained when the short-term storage plant compensates the intermittent power output of the PV plant, and the plant with spinning reserve of Fig. 2 (natural-gas fired plant) is replaced by a long-term storage plant which is connected all the time to the power system and serves in this case as frequency leader. The PV plant and the short-term storage plant may operate intermittently but only in a complementary fashion. Fig. 16 . Drooping characteristics of the short-term storage plant (e.g., R 2 =0.01), the long-term storage plant (e.g., R 3 =10), and intermittently operating PV (e.g., R 1 =10) plant, accommodating additional demand/increase of power, where the PV plant is operated at peak power and cannot deliver additional power. In Fig. 2 the spinning reserve plant can be replaced by a natural-gas fired plant and a longterm storage plant (e.g., pump-hydro or compressed air facility), as shown in Figs. 17a, b , c. The intermittently operating PV and WP plants are complemented by short-term storage plants (e.g., battery-fed inverter). During times of high power demand, the storage plants supply power to maintain the power balance between generation and the served loads. At low power demand, the renewable sources will supply the storage plants. The generation increase of conventional peak-power plants (which can supply additional load through spinning reserve) are replaced by putting short-term (located next to renewable plants) and long-term storage plants (E.F. Fuchs & Masoum, 2008a , E.F. Fuchs & Masoum, 2011 online, reducing fossil-fuel consumption and contributing to renewable portfolio standards. Renewable sources are operated at their peak-power point e.g., the slopes of the droop characteristic R 3 and R 5 of Fig. 17b are large while those of R 1 and R 2 are relatively small to www.intechopen.com Fig. 17a the governor and prime mover represent the solar array and inverter/rectifier while in the short-term storage plant associated with the PV plant, the governor and prime mover represent the storage device (e.g., battery, supercapacitor, flywheel) and inverter/rectifier. Similar considerations apply to the WP plant and its associated short-term storage plant.
Figs. 17b,c. The natural-gas fired plant serves as frequency leader and the long-term storage plant serves as spinning reserve; (b) PV and WP plants operate at peak power and storage plants are disconnected; (c) Short-term storage plants compensate the zero power outputs of the PV and WP plants.
Data for natural-gas fired plant (system #1 of Fig.17a 
The frequency variation of a power system should be within 59-61 Hz, that is, a frequency band of ± 1.66 Hz is desirable (Fuller et al., 1989) . Table 6 lists the Mathematica program for Fig. 17a on which Figs. 18 and 19 are based. b. Fig. 18a illustrates the establishment of steady-state conditions at time t=200 s for given systems parameters. c. Fig. 18b illustrates the given WP plant load reference Lr5 [t] . Fig.18c shows the transient response Δω(t) if storage plants 4 and 6 absorb the additional energy generated by WP plant with 0.2 s delay (see Table 6 ). If[t<1120,If[t<1000,If[t<940, If[t<910,0,0.3 Fig. 18d depicts the transient response Δω(t) if only storage plant 6 absorbs the additional energy generated by WP plant with 0.2 s delay. e. If the change of the WP plant is absorbed by the short-term storage plant 4 associated with the PV plant then Fig. 18e is obtained. f. Fig. 18f shows the transient response Δω(t) if none of the storage plants absorbs a substantial amont of energy generated by WP plant. g. Figs. 19a, b illustrate the influence of the reduction of the power capability of the transmission line increasing X tie from 0.2 pu to 0.237 pu for the conditions of Fig.18c . Fig.  19a shows that steady-state stability is impaired, and after some load/demand changes the dynamic stability is lost (Fig. 19b ) and the angular frequency/velocity diverges. 
Power quality issues (steady-state and transient phenomena)
In addition to power balance issues, distributed renewable sources lead to high system impedance at the distribution level because these plants cannot deliver additional transient currents when faults occur due to their operation at peak power (Masoum et al., 2002; Masoum et al., 2004a) . Even with acceptable current harmonics, this high system impedance may result in unacceptably high voltage harmonics, single-time events (e.g., spikes due to
